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Abstract 


An electron source such as a simple cathode is a cheap and light device which 
can serve several technological and scientific purposes in space: 

(i) Electrostatic charging of a spacecraft can be limited by 
accumulated on the conductive elements of their surface. Clamping the reference 
potential of scientific instruments, such as particle detectors, can significantly 
improve their performance In a magnetospherlc environment. ^ ^ . 

(II) The erosion of conductive coatings and the ability of conducUve paints to 
withstand the Space environment can be evaluated by monitoring the flow of cha^wrp, 
particles impinging on their surface, that is, by Simply measuring the ’■ate at 
whlfch elfedtrofid are emitted from the ckthode. 

(III) Measuring the current collected by the spacecraft suviMe as ® 

of its potential with respect to an emitter is a very sensitive ■‘jaf^o3‘lc tech^^^^ 
which W yield a number of plasma parameters, such as de islty and temperature, 
(Iv) It Is possible to convert the thermal motion of spa^e plasmas mto elec - 
trical energy by collecting energetic electrons and returning them to the medium as 
cold particle. This concept may find applicatloris In the magnetosphere of distant 
planets where solar cells are inefficient. .a 

^ (v) A wave In a plasma la characterized by a conduction Current density which 

gives rise to fluctuations of the curreftt flowing ‘othp surface. An 
the frOdUency spectrum of the cathode current will therOfor-t disclose the existence 
of electromagnetic and electrostatic Waves Without using anj, antenna. 
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1. iMTnoDUcriON 


.f t / »l»r6ed 

partlclea emittad and aalWcled bp its aurtaae. ta aqulllbrlam the dUIjaence be- 

ween he Howe ot plaama eleatrona and Iona e,uala the rale at .hlch eleoteona 

extracted rrom the suriace by photo- and aecondary emtealoha are escaping Into 
the surrounding plasma. - '.»pmg into 

^n the random n..x of the plasma electrons is relatively large, the acrface 

ITtZ tT ““ •» •“« '"homing flo« Of these perttclea 

and to malte It etp..! to the combined contribution of the other epectea. The ma.nl 

tude of this potential la then In direct proportion to the temperature of the amblL 

ekctrona. Such condltlmm are often met In dense or hot plsamas when surface 

emiasion.cannot match the net flow of ambient particles. 1,1 planetary outer mag- 

netosphere, the electron mean hlnettc energy Is so high lltat surface potenttau of 

he order of several kUovolts are frequenlly encountered. ThU phenomenon 

commonly referred to tm spacecraft charging, disturbs the particle population in 

m!ru3nt”'' ahlentmc 

do no'.' “!! t,' 

do not reach the same noatkig potential. This differential fchargiftg gives riae to 
large electric Helds between adjacent elements and can cause dUcWrges whllh 
are respon. Ible Ibr the degradation of i ecraft material, and anomies mte 
behaviour ot elfeetronic ^ 

an f **'’ ""‘““‘"la ""d engineers to compound their eflbrt in 

ILp r The ’■he basic remedies are 

Staple The entire surface of the spacecraft must be made conductive in order to 

Into iaTeThr T "" ««" >»dr must be released 

ulto sp&ce through an electron emitter. 

and Paints have been developed 

tmd taallftod Md new testing procedures have bean set up to check the abulty of 
the spacecraft to withstand the magnetospheric environment. 

cra/wuh recapitulates the principles which govern the interaction of a space- 
t with its environment, • and reviews the various techniques which are awil- 

Lt ir electrostatic potential of a spacecraft, it is demonstrated 

that electron emitters are requisite to any scientific mission in a magnetospheric 
environment, in the vicinity of Jupiter in particular. It is also emphSized that 

« moTt Tv7h T of additional tasks such 

dermal of spacecraft material surfaces, converting the 

n^tZL of plasmas into electrical energy, measuring the dertsltj and tern- 
fierature of the ambient electrons, and receiving waves without aerial i. 
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2. INXEfUCIlON BETftEKM A SPACECIUET AND ITS ENVIRONMENT 
2.1 Spadecrafl Without Emitt^f 

The varlatUsne ef the different Current component.^ collected by a planar probe 
in space aa function of its potential are schematically represented in Figure 1, 

Ufh sr6 ig and ij^ are the ambient electron and ion contributions, and tpjj is the cur* 
rent due to photoelectron emission. Secondary emission is neglected in first 
approximation and the potential 4> is referred to that of infinity. 



Figure 1. Current -Voltage Characteristics Of a Probe in a 
Plasma 


It is assumed that the various species have Maxwellian distributions, and that 
the magnitude of the saturation current of the plasma electrons l^g is much larger 
than that of the ions Ijg; the photoeleCtron saturation current is noted ipj^g. 

The current balance is defined bjr 
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and the floating potential la given by 
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when Uggl < l^phs quantities <t>g and 4>pj^ are the n^ean kinetic poten- 

tials of the plasma electrons and photoelectroiis,. respectively. 

The current-voltage characteristic of a body in shadow (ip^^ = 0) is illustrated 
by the curve labelled-I^Q in Figure 1. The floating potential 4 >jq is negative and 
approximately equal to -3. 8«t>g in the case of an hydrogen plasma in -thermal 
equilibrium..^ In a magnetospheric environment, «J>g can be of the order of 1-10 kV, 
which explains Mvhy a geostationary spacecraft develops large negative potentials 
during eclipses. The same situation also occurs in sunlight when photo- 

emission cannot balance the flow of ambient particles. This condition is occasion- 
ally fulfilled in the fiarth environment, but It must alivayS be met in the magneto- 
sphere of Jupiter where the photoemisSlon rate is 27 times less than at the Earth's 
orbit. 

In a relatively told ahd rarefied plasma, such as the solaf* wind, the photo- 
emission satutatidn current is genei^ally predominant; this situation is illustrated 
by the curve labelled in Figure 1. The corresponding floating potential is 
given by Eq. (3) and is of the order of the photoeledrDn mean kinetic potential, 
which is typically equal to 1. 5V. 


2.2 Spat*<ierah ftith Kleclfdn EmiUef 

A spacecraft fitted with an electron source is schematically represented in 
Figure 2a. The electron source and the conductive elements of the spacecraft 
surface are referred to as the emitter (E) and the collectof IC), respectively. It 
is assumed that the emlttei* and collector are sufficiently decoupled, so that their 


*The kinetic potential of a charged particle Is given by the magnitude of the accel- 
erating voltage associated \vlth its kinetic energy. The kinetic potential, in V, 
therefore, is measured bj the same number as the kinetic energy, in eV. 


i 


cUtTent voltage Characteristics are, in first apfiroxlmation, Irtdcpendant of their 
separatldh. 

The vcllage-curreftt characteristic cf the emitter is schematically represented 
In Figure 2b and c by the curves labelled the vbltage reference is that of the 
surrounding plasma, not that of the spacecraft. The area of the emitter Is rela- 
tively small and ita current Is^ therefore, insensitive to the fluxes of photons and 
ambient particles. When electron emission is space charge limited, is propor- 
tional to The shape of the characteristic is otherwise defined by the tem- 

perature of the emitter, as well as by the magnitude of the electric field at its 
surface. It is assumed that the saturation current of the emitter is larger than 
that of the ambient electrons, which can always be easily fulfilled. 


1C) 



Figure 2. Current Balance and Potentials of Emitter attd 
Collector 


When collector and emitter are connected through a voltage source 4>^, their 
respective potential and 4>g are linked by the relation 
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and the emitted and collected currents are of course equal, 


^ hs 


as illustrated In Figure 2. 


3. POSSIBLE USES OF ELECTRON EMITTERS 

3.1 Spacecraft Potential Claiflpiftg 

When the bias voltage is zero, the equilibrium potential of the collector - 
emitter combination is defined by the intersection of the curves and Ig. In a 
magnetospheric environment the floating potential can then be maintained at a few 
volts, rather than several kV negative, as illustrated in Figure 2b, The 

potential of the. collector can even be adjusted to iero exactly by biasing its poten-- 
tial positively v^ith respect to that of the emitter untiUa break in the slope of the 
characteristic is observed. The ability to control the spacecraft potential allows 
one to minimize the perturbation to the environment and provides a stable voltage 
reference for scientific instruments. 

An electron emitter cannot indeed reduce the floating potential when photo - 

emission is predominant (Figure 2c), but this is a relatively unimportant point 

17 

since this positive potential is typically of the order of 3V. 

3.2 PI asma Diagnostics 

It will be seen in the following that the potential of the emitter is practically 

Independent of its current^ this system operates like a potential reference with 

respect to which the collector may be biased. The emitted current may be meas* 

Ured as function of the bias potential. The spacecraft then behaves like a Langmuir 
18 

probe with a collecting area equal to that of the conductive parts of its 
id 20 

3ut*face. ' I'his technique for measuring electron density and temperature is 
extremely sensitive, and irregularities in plasma densities cart be detected by 
investigating the low frequency fluctuations of the collected current. 

The electron saturation current can be moni- 
tered under all circumstances, and this measure- 
ment Is absolutely net impaired by phetoemlssion 
(see Figure 2c). A variable resistor ft can replace 
the veltage soUrct , as shown in Figure 3, but the 
bias voltage -ft ig cirt only take negative values. 

This possibility Is nevertheless extreinely 



Figure 3. Negative 
Bias of the Collector 
Using a Resistor 
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adVahtageoua Ift energetic plasmas where voltages ot several kV would be required 
to describe the characteristic down to the Hoating potential. 


3..1 Moniturina bf Mtttbrtal liurfai'K Uba^udutioti 


Spacecraft are partly covered with materials and paints, generally insulators, 
in order to maintain the temperature within specified limits. Conductive paints 
and coatings have Consequently been developed to cope with the problem of differ- 
ential charging. Solar cell covers and second surface mirrors can similarly be 
covered with lOOA ./.uck layers of indium oxide which also insures electric poten- 
tial uniformity, but are optically transparent. 

The ability of these conductive materials to keep 
their properties in space under the bombardment of 
energetic particles can be easily tested in situ, as 
illustrated in Figure 4. The current collected by the 
test material, Ij, is simply compared to that imping- 
ing on a metallic surface, 1^., taken as a reference. 

This measurement is instantaneous and independent 
of the properties of the cathode. 



3.4 Energy Conversion 


Figure 4. Test on 
Material Surface 
Degradation 


It has been shown previously that energy can be dissipated in a resistor when the 
floating potential is negative (Figure 3). It is therefore possible to convert the 
thermal motion of electrons into electrical power. This concept may find appli- 
cations in spate environments where energetic plasmas are likely to be found,, but 
sufficiently distant from the sun to render the use of photovoltaic conversion 
unpractical. Such conditions are met in the magnetospheres of distant planets such 
as Jupiter and Saturn. 

The efficiency of this system, that is, the ratio of the plasma energy input to 
the available electric energy equals 0.37 for a Maxwellian energy distribution, 
f he corresponding maximum power output p6r m^ of collecting surface is given as 
function of the ambient plasma density, N^, and mean kinetic potential, ^ , in 
Figure 5. If the collecting area of the spacecraft is insufficient, the power output 
can be increased by the adjunction of a large Sail made of metallic foil, for 
example. 

It may be possible to reach specific power equivalent to that of the radio- 
isotope thermal generators presently vised for the outer planetary missions, 
that^is, a^few Wkg provided the plasma power density input lies In the range 
10 -It) Wm" . This figure may be met in the environment of Jupiter, but is 
has to be established by proper in situ measurements. 





Figure 5. Maximum Power Density Output 
a Function of the Electron Density and Mean 
Kinetic Potentiai 


3.5 Deteeiion of Eleelroma^felio and leaves 

A wave propagated in a plasma is characterized by an electric field E, a 
magnetic field and a conduction current density J. These three quantities are 
related by Maxwell’s equations* 


VXE - a l1/at , (6) 

vxf! = J + a fi/at , <7) 

where and are the vacuum permeability and permittivity. Time and space 
variations afe assumed to be of the form exp i(^ - u.'t), where 5 and u 2irf are 
the wave veetob and anijular frequency, r and t are space and time variables. 

After t'ourier transformation of Eq. (6) and (7), and elimination of H, the 
projection of J parallel and perpendicular to the Wave vector are respectively 


J 


II 




(») 


and 

UyW (i Ej 


(S) 
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aftd are the projectlonij of E alohg directions respectively parallel 
and perpendicular to k, and ^ Is the refractive Irideu of the medium* 

The wave conduction current which can be Intercepted Is 


where J Is the modulus of J attd is the cross section area of the collector In a 
plane perpendicular to J. This current is superimposed ort the random plasma ion 
and electron currents. The information carried by the ambient charged particles 
is consequently best detected when the spacecraft is collecting the saturation cur- 
rent of thes6 spectes. The collector pfttential must thferfefote be maintained 

at a value n6af t6 zero, or possibly be biased at a few volts positive if photoemis- 
slon is preponderant (Figure 2b and e). Neglecting the ion contribution this dc 
current is then approximately given by 


Us=‘^^e ' 


where A is the entire collecting area, and 


h • V (t^) 


is the electron random current density, in the case of a MaxWelliart OnOrgy dis- 
tribution. ThO quantities e and m are the electron charge and mass respectively. 

The level of the smallest detectable signal is, of course, limited by the shot 
noise resulting from the random arrival of plasma particles to the spacecraft sur- 
face and the random emission of electrons from the cathode into the environment. 

The root mean square deviation of in a frequency bandwidth B therefore defines 

29 30 31 

the lowest measurable wave conduction current ' ’ 


I.(2ei . (13) 

es 

The capability of this technique can be assessed by comparing its performance 
to that of ah electric aerial Itt a given bandwidth. This is simply achieved by 
equating Eq. (10) and (13), and expressing the sensitivity in terms ol electric field 
E, rather than conduction current J . 

Consider a wave with a trahaverSe electric field (E = E^^), for example, art 
electromagnetic wave in an iSotropIc plasma or a longitudinal wave in a magneto- 
plasma. Combining Eq. (9)-(l3) yields 
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Mfhere the electrori plcti^ma fr^qutticy is defined 



(15) 


and the eollectoi* is takdn to be a sphere of radlu* p , that is. A = 4 A . 

* c 

Using the MKSA system of units and replacing various quantities by their 
numerical values yields 



2 >C 10“'^ 






(16) 


The sensitivity to longitudinal electric fields and to electrostatic waves in 
general (E = E„) can be evaluated if Eq. (8) is used, the equivalent sensitivity then 
becomes 



2 X 10"''^ 



(17) 


Under most conditions and provided the sensitivity and frequency response of 
the current measuring device permits, this concept allows the detection of waves 
with electric field spectral density of the order of l0"®-10"® V m"^ up to 

frequencies equal to a feiv times that of the local plasma resonance, in this fre- 
quency range, these performances are certainly comparable to those of other t5rpes 
of antenna used in space. 


4. e\peitiMi-:NtAL arrangement 

4. 1 Location of ihe Emitter 

It is desirable to optimize the plasrha diagnostic measurements by mounting 
the electron source at some distance from the collector. Coupling and mutual 
interactions are indeed the result of the direct interception by the spacecraft of a 

2i2 
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fraction of the emitted current, trajectories of electrons emitted with zero 
velocity are Illustrated in Plgut-e G. it can be seen that the role of the spacecraff 
Is minimal even when its potential is mo»'e positive than that of the emitter. 
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Figure 6. Electron Trajectories in an Axial Symmetrical Field 


Potential clamping is more efficient if the electric properties of the electron 
source environment are as little as possible influenced by the proximity of the 
spacecraft. The potential developed by the collector in the vicinity of the emitter 
has so far been taken ecjUal to zero, but this assumption Is only valid at large 
distances from Its surface. Approximating the collcotor by a sphere of radius p, 
the potential at a distance r from its center is glx^en b/ 

= *CT • • (18) 

The effect of probe separation is graphically demonstrated in Figure 7. When 
the potential reference ** b emitter characteristic is shifted by the amount given 
by Eq. (18), the collet.* , ential becomes 


1 
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Figure 7. Effect of Collector-fimltter 
Separation 




1 - dig /dip, 4>C 

1 - dig /dig - p/r ~ 1 - p/r 


(19) 


where 4>g is the spacecraft potential for infinite separation. The quantity dIg/dIg 
Mfrhich represents the ratio of the collector and emitter current variations for a 
given voltage increment is close to zero in energetic plasmas. The result given 
by Eq. (19) is indeed approximate since it does not account for direct electron flow 
between emitter and collector, but it shows the tendency for the spacecraft poten- 
tial to increase with decreasing separation. 

Potential clamping can be achieved without bias voltage. It can be anticipated, 
hoilrfever, that Ilmitatlona caused by space charge near the emitter and potential 
barriers resulting from differential charging, as observed on ATS 6^ and possibly 
I^loheer 10, are more important when the electron source is mounted too close 
to the surface (Figure 8a). Nevertheless, it has been demonstrated that spacecraft 
potentials could be controlled with an emitter mounted in an open cavity under the 
surface, but only for limited periods of time (Figure 8b). In fact, if electrons are 
emitted with zero velocity, their injection into the plasma is impossible unless the 
emitter is biased negatively with respect to the collector. This type of considera- 
tion naturally leads to the concept of electron guns with grid system (Figure 8c), 
such as those mounted on the ISEE-A spacecraft. 


214 



I 

i 

1 

i 

1 






i 


Figure 8, Three Emitter-Collector Configurations 


1.2 T>|km af Kmltler 

4. 2. 1 ACTIVE EMITTERS 

Electron emission fi'om a metal in vacuum is a function of its temperature and 
of the electric field existing at its surface. 

Thermoionic emission describes the situation where temperature is the most 
Important parameter, A directly heated tungsten filament is the simplest type of 
emitter but it dissipates a power of several W. An indirectly heated cathode 
Impregnated with a barium compound requires less than IW of heating power and 
offers in addition a uniform surface potential (Figure 9a and b). 



Figure 9, Three Types of Active Electron Emitter 


Electron field emission occurs When an electric field of the order of 10^ Vm"^ 
exists at the surface of a metal. Cathodes working ort this principle, that is, with- 
out any heater, have recently been developed using thin film technology.^® Elec- 
trons are extracted from an array of sharply pointed cones and a voltage of the 
order of 100 V Is applied on a perforated electrode called gate, located at about 
1 (Figure 9c). Controlling the energy of the emitted electrons, and thus the 




I I 


potential of the spacecraft, requires the existence of an adtlltlonnl prld placed in 
front of thd gate and electrically biased with respect to the collector. The struc-^ 
ture of this emitter then resembles very much that of a miniature electron gun 
VHth typical dimensions of I mmj energy Is only required for accelerating the 
electrons. 

The saturation etrrent of these cathodes, of the order of several mA, Is 
always larger than the plasma electron saturation current collected by the space- 
craft. The saturation current density in a plasma characterized by N I cm“‘^ 

-2 

and 1 kV, for example. Is less than Ip Am . Electron emission Is there- 
fore space charge limited like In a diode and the current Is of the form 

Ij, -- . (29) 

If I„ is measured in A and In V, K = 3 x 10’® for spherical symmetry and o is 
E ^ >37 

function of the ratio r /r^ of th6 anod6 -to -cathode ratio, 
a' c 

In first a{)|>roximation, infinite collector-emitter separation and spherical 
symmetry are assumed: r^ is given by the physical dimension of the cathode and 
r^ is the distance over which space-charge neutrality is restored in the plasma, 
that is, a distance of the order bf the Debye length. 

The cathode current is refjresCnted by straight lines in Figure 10 for values of 
r^/r^ ranging from 10 to iO^. Also shown is the electron current collected by a 
conductive sphere of radius 2 m, in various plasma environments, photoelectron 
and ion currents are neglected. The clamping potential in absence of any biasing 
voltage is defined by the intersection of two of these curves; it is seen that this 
potential is not much influenced by the ratio and is of the order of 0. 1-lOV 

negative for electrons emitted with zero energy. 

4. 4. 2 PASSIVE EMITTER 

Ah entirely passive emitter can be simply made of sharp-pointed filaments, 

electrically connected to the spacecraft but positioned at a distance equal to a few 

times the typical dimension bf the Vehicle,, as shown in the Insert of Figure 11. 

The separation is requisite since it ensures that the strength of the electric field 

38 

at tha tips la not reduced by the charge Induced In the surface of the main body. 

It la assumed that the collector is a sphere, 1 m in radius, immersed in a 

-3 

Maxwellian plasma with - 1 cm and 4>^ 1 The separation between the 

emitter arid the surface is considered to he rhuch larger than the .sphere radius. 

In fact, for a distance of 3 radii, the clamping potential is within 25 percent of the 
Value obtained for infinite separation. The emitter is made of 100 tips with a 
curvature radius a 0. I ^m; the emissive area Is taken to be 2;?a“ and the strength 
of the electric field at the tips Is of the order of |4>jp/a| . 
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The current characteristic of the emitter la given by the Fowler-Nordheiih 
equation, and the ^jotentlal of the sphere equal to -3600 V without emitter 
(-3. fill* ) Is increased to -316 V when connected to the emitter; potential closer to 
zero are certainly possible with sharper points. Thr current that can be emitted 
frot h a p mbe is limited by thermal dissipation and IS of the order of 3 mA. 

5. COStUISlON 

Electron emitters can prevent a spacecraft from accumulating negative charges 
and clamp Its potential close to zero, provided Its surface IS conductive. As such, 
they should be part of any scientific magnetospherlc payload because they signifi- 
cantly Increase the value of. field and particle measurements, ln 4 >artlcular. 

information on the ambient medium can be obtained at a v6ry little e^ttra cost; 
such a diagnostic technique is very sensitive in rarefied plasma and can disclose 
small scale irregularities in the electron density. The existence of electromag- 
netic and electrostatic waves can also be detected, without any antenna, by investi- 
gating the frequency spectrum of the emitted current, that is, observing the cur- 
rent fluctuations associated with the alternative motion of the ambient particles. 

Electron emitters also have interesting technological applications; they can 
monitor the degradation of Conductive paints and coating in space and transform 
the thermal agitation of a plasma into electrical energy. 

The choice of a system for space applications is motivated by considerations 
on reliability, weight, and power consumption.. A thln-fllm field emission needs 
no heating but requires a grid system for electron extraction and energy control. 

A passive electron emitter is Very simple but must be mounted on a boom with a 
length larger than the typical dimension of the collector. Presently, indirectly 
heated dispenser cathodes seem to offer the best comprise between these various 
requirements. They have been extensively tested in the laboratory and hd’ e life- 
times longer than one year. Provided they are mounted on an appendage of mod- 
erate length. Say 0. 5 m, they can clamp a spacecraft at a potentlal-between -10 
and -1 V and perform most of their functions without any grid or polarisation 
system. 
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